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Ab s t r a c t
According to the increasing demand of suitable soils under different types of foundation in the geotechnical engineering pro-
jects, many researchers try to find the best type of additives that improve the mechanical properties of soils. In addition,
the small-strain stiffness is an important parameter for various geotechnical design applications. Therefore, I aim from this
research to study the availability of Free–Free Resonant frequency method (FFR) in measuring the Young’s modulus and
Poisson ratio for epoxy treated sand (ETS). Moreover, detecting the effect of the additives on the strength of treated sand
by applying compression test on both types of treated specimens: cement treated sand (CTS) and (ETS), and then compar-
ing between the results.
Next, the results have been analyzed and then Young modulus and Poisson ratio have been calculated. There was reversal
relations between the both parameters according to the additives percentages, where E increased, Poisson ratio decreased.
Then, the compression tests were applied on cylindrical specimens, the more additive percentages was the higher maximum
load. The treated sand with epoxy percentage from 2% up to 5% was stronger than the treated sand with 50% cement.
S t r e s z c z en i e
Zgodnie z rosnącym zapotrzebowaniem na przygotowanie odpowiednich gruntów pod różne typy fundamentów w projektach
geotechnicznych, wielu badaczy próbuje znaleźć najlepszy rodzaj dodatków, które poprawiają właściwości mechaniczne
gruntów. Ponadto zmienność sztywności w zakresie małych odkształceń jest ważnym aspektem dla różnych zastosowań
w projektowaniu geotechnicznym. Stąd, celem wykonanych badań jest ocena przydatności metody FFR (Free-Free Resonant
frequency) do pomiaru modułu Younga i współczynnika Poissona dla piasku poddanego obróbce epoksydowej (ETS).
Dodatkowym celem badań jest ocena wpływu dodatków na wytrzymałość poddanego obróbce piasku w próbie ściskania na
obu rodzajach poddanych obróbce próbek: piasku stabilizowanego cementem (CTS) i (ETS), a następnie porównanie
wyników.
Po przeprowadzaniu analizy wyników badań, wyznaczono moduł Younga i współczynnik Poissona. Między obydwoma para-
metrami występowały relacje odwrotne w zależności od procentów dodatków, tzn. przy wzroście modułu E, współczynnik
Poissona zmniejszał się. Następnie poddano ściskaniu próbki cylindryczne; przy większej zawartości dodatków, uzyskiwano
większe nośności. Modyfikowany piasek z zawartością epoksydu od 2% do 5% okazał się być mocniejszy od piasku
z dodatkiem 50% cementu.
Keywo rd s : FFR method; Poisson ratio; Polymer-treated sand; Stiffness; Young modulus.
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1. INTRODUCTION
According to the increasing demand of suitable soils
under different types of foundation in the geotechni-
cal engineering projects, many researchers try to find
the best type of additives to enhance the strength of
soils and to improve its mechanical properties. It is a
big challenge to define the stress–strain behavior of
the soil because it is complex and nonlinear. Young’s
modulus (E) and the shear modulus (G) of the soil
are not constant; it may significantly change with the
strain level.
Moreover, the small-strain stiffness is an important
parameter for various geotechnical design applica-
tions, including small-strain dynamic analysis such as
those used to predict the soil behavior or
soil–structure interaction during earthquakes, explo-
sions, machine vibrations or traffic vibrations. Small-
strain stiffness may also be used as an indirect indica-
tion of other soil parameters, as it (in many cases)
correlates well to other soil properties. For example,
when studying the hardening process of polymer
treated soil, an increase in stiffness and compressive
strength can be expected with increasing inter-parti-
cle cementation. At small strains, the stiffness is rela-
tively high, while at strains close to the failure the
stiffness is low. However, the behavior was sufficient-
ly constant and linear below an approximate strain
level of 0.001% [1].
The objective of this research is to study the avail-
ability of Free–Free Resonant frequency method
(FFR) in measuring the Young’s modulus and
Poisson ratio for (ETS). Moreover, detecting the
effect of additives on the strength of treated sand by
applying compression test on both types of treated
specimens: (CTS) and (ETS).
2. METHODS FOR MEASURING SMALL-
STRAIN STIFFNESS
The small-strain stiffness is usually determined in the
laboratories by direct methods such as the ben-
der/extender elements, or by indirect methods, such
as the resonant column test. The free–free resonant
frequency method (FFR) is a simplified testing pro-
cedure (based on the resonant column-testing con-
cept) that has recently been used for the characteri-
zation of cement-treated soils [2, 3, 4, 5, 6, 7]. FFR
testing was applied by allowing a cylindrical specimen
to vibrate at its fundamental frequency and then, the
stiffness was evaluated from the measured funda-
mental frequency, density and length of the specimen
through a straightforward formula based on theories
of one-dimensional wave propagation in an elastic
rod. However, the interpretation of stiffness from the
FFR results might be affected by the uncertainties
that related to the boundary conditions (uncertain-
ties of which the laboratory is not perfectly free) or to
the diameter-to-length ratio (aspect ratio) of the
specimen [4, 6] and to the nature of material whether
it is isotropic or not.
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Figure 1.
Grain Size Distribution of Sand
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3. MATERIALS
The components of the specimens in this research
was sand, epoxy and cement. The specific gravity of
sand was equal (GS= 2.6399) and grain size distribu-
tion was analyzed as shown in Fig. 1 according to
ISO/DIS 17892-3. One type of epoxy was used, but it
consists of two components A&B and the table 1
summarize the available properties for that type of
Epoxy. In addition, a blast-furnace slag cement was
used consisting of approximately 70% ground granu-
lated blast furnace slag, 26% portland clinker and 4%
gypsum and its minimal normalized mortar strength
at 28 days was 42.5 N/mm2 [8].
4. SPECIMEN PREPARATION
15 cylindrical specimens were prepared and divided
according to the epoxy additives percentage from 1%
up to 5% with 1% step into five groups as shown in
Fig. 2. Each group contains 3 specimens. In addition,
nine cylindrical specimens have been prepared and
divided into 3 groups according to the cement addi-
tive percentage 10%, 20%, 30% (Fig. 2a). Each
group contains three specimens. Unfortunately, upon
extrusion, the cemented specimens has failed.
Therefore, another group of three specimens was re-
prepared containing 50% of cement + 50% of sand
(Fig. 2b). Lastly, two groups of prism specimens were
prepared (in order to apply the tests as explained in
ASTM standards for the both shapes of specimens)
more than shape of material, each group contains 2
specimens, at two epoxy additives percentages 3%
and 4%, as shown in Fig. 3, just for comparison.
The process of preparing the specimens was as fol-
lows: the sand and the additives were mixed dry in a
dough mixer for about 5 minutes until reaching a
homogeneous paste form. The consistency of the
paste after mixing remained plastic. Following, the
mixture was poured into steel cylindrical molds of dif-
ferent aspect ratios and into wood molds for prism
specimens. Then, the cylindrical molds were vibrated
lightly in order to remove any trapped air bubbles.
Then, the cylindrical specimens were cured for maxi-
mum one week, in a conditioned room at about 20°C,
and for two weeks for the prism specimens (during
this period, no FFR testing could be done on the
specimens). Following the period of curing, the spec-
imens were strong enough to be extruded from the
molds and table 2 displays the final dimensions of the
specimens after extrusion. Next, the FFR testing has
been applied on cylindrical specimens and prism
specimens, however, the compression test was
applied on the cylindrical specimens only.
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Table 1.
Properties of epoxy
Property Component A Component B
Component
A+B
(A:B is 2:1)
Density 11.7kN/m3 10kN/m3 11.4 kN/m3
Viscosity at
25°C
ca. 600 mPa.s
(milli Pascal.
second)
ca. 400 mPa.s
(milli Pascal.
second)
ca. 550 mPa.s
(milli Pascal.
second)
Compression
Strength 100 MPa
Temperature
Resistance Max 50 °C
E- modulus 300 MPa
Hardness
shore A 95
Table 2.
Dimensions of specimens
Specimen No. 1(small) 2(medium) 3(large)
Cylindrical
Height of specimen (L) mm 70 86 105
Diameter of specimen(D)mm 42 42 42
Aspect ratio D/L 0.6 0.488 0.4
Prism 1 2
Length of Specimen mm 150.27 150.71
Width of specimen mm 101.39 113.12
Thickness of specimen mm 11.82 12.01
M . M l h e m
5. PRACTICAL TESTS
5.1. Free–Free Resonant Frequency Method
The free–free resonant frequency (FFR) method is
an attractive alternative (due to its simplicity) for
measuring the small-strain Young’s modulus and
Shear modulus of (unconfined) cemented or cohe-
sive soil in the laboratory. However, it was not
applied on polymer treated soil, which maybe add
some complexity to the interpretation.
Fig. 4 illustrates the FFR testing set-up used in this
study. Here, the cylindrical soil specimen is laid hori-
zontally on top of 30-mm-thick soft polyurethane foam
to approach fully free boundary conditions. The select-
ed foam in this research has a unit weight of 21 kN/m3
and an approximate Young’s modulus of E=20kPa.
According to ASTM E1875 [9], the FFR test was
applied on cylindrical and prism specimens. A small
hammer is used to excite the specimens. The hammer
should have most of its mass concentrated at the
point of impact and should have enough mass to
induce a measurable mechanical vibration, but not so
much as to displace or damage the specimen. The
used hammer in this research consists of a high-puri-
ty soda-lime glass bead, about 4 mm in diameter,
glued (with Loctite Super Glue) to one end of a flex-
ible 100-mm-long and 3.5-mm-wide nylon strip (ordi-
nary cable tie). The vibratory response of the speci-
men was captured with a compact-size accelerometer
type PCB A353B68 with a frequency range up to 10
kHz, which was sufficient for the measured frequen-
cies of the tested specimens in this research. The
accelerometer was put in contact with a specimen at
its anti-nodes (points of maximum deformation
amplitude) with the help of a laboratory stand pro-
vided with a hinged add-on rod that allowed for rota-
tion so that the accelerometer could be aligned axial-
ly or transversally with respect to the soil specimen.
Fig.4c shows the method and tools for measuring the
frequency for cylindrical specimen and Fig. 4d shows
measuring the frequencies for prism specimens.
5.2. FFR test results
After measuring the frequencies for all specimens,
the equations (1) and(2) were used in order to calcu-
late Young module (E), Shear module (G) and then
Poisson ratio for these specimens [10] [11] [12]:
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Figure 2.
The cylindrical specimens a) sand mixed with each of 10%,
20%, 30% of cement b) sand mixed with 50% of cement
Figure 3.
The prism specimen (sand + epoxy) a) in the wooden mold
b) after extrusion
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Where: E (Pascal), G (Pascal), L length of specimen
(mm), ρ the density of specimen (g/mm3), fl the fun-
damental longitudinal frequency (Hz), ft the funda-
mental transverse frequency (Hz). The exact Poisson
ratio for the specimens was not known, in this
research, so many trials were done until reaching to
the matching Poisson ratio according the above equa-
tions as illustrated in Table 3.
Upon analyzing the results and after calculating E, G
values and Poisson ratios for all specimens, the prism
specimens do not give reasonable values so, I kept it
away from this research and I concentrated on dis-
cussing the values of E and Poisson ratio for cylindri-
cal specimens only.
Fig. 5 shows a reversal relation between the aspect
ratio and (E) values at all percentages of additives.
Where the smallest sample has the lowest value of
(E), the biggest sample has the highest value of E .
Figure 5: Young Modulus (E) vs the aspect ratio for
treated cylindrical specimens with additives from 1%
up to 5%
Fig. 6 illustrates the direct relation between (E) and
additives’ percentages. (E) increases slightly from 1%
up to 4% and then it increases sharply after the 4%
percentage for all sizes of specimens especially for
the smallest size.
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Figure 4.
c) cylindrical specimen connected to software d) flexural fre-
quency for prism specimen with 3% epoxy
Figure 5.
Young Modulus (E) vs the aspect ratio for treated cylindrical
specimens with additives from 1% up to 5%
Table 3.
Poisson ratio for cylindrical treated specimens
Additive’s
Percentage
Aspect Ratio
of Cylindrical
Specimens
Poisson Ratio
(proposal)
Poisson Ratio
(calculated)
1%
0.6 0.3 0.301343101
0.48 0.29 0.292045291
0.4 0.29 0.291639096
2%
0.6 0.26 0.259105869
0.48 0.24 0.241980416
0.4 0.24 0.241586634
3%
0.6 0.22 0.221253169
0.48 0.2 0.20559029
0.4 0.18 0.181458296
4%
0.6 0.165 0.162515082
0.48 0.16 0.162008583
0.4 0.17 0.170111179
5%
0.6 0.15 0.150715709
0.48 0.14 0.142043808
0.4 0.14 0.140292754
c
c
d
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Fig. 7 presents the Poisson ratio versus the aspect
ratio of cylindrical specimens. There is no evident
relation between the both parameters; and it occurs a
slight changing of the values for different aspect
ratios at most of additives percentages.
However, Fig. 8 clarify that there is reversal relation
between additives percentage and Poisson ratio, for
all sizes of specimens. This is logic, it is noted that as
much additives percentage in the composition of the
specimens increases as much the strength of the spec-
imens increases and its deformation upon applying
compression load decrease, which cause consequent-
ly a decrease of Poisson ratio.
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Figure 7.
Poisson ratio vs the aspect ratio for treated cylindrical spec-
imens with additives from 1% up to 5%
Figure 8.
Poisson ratio vs the additives percentage for all sizes of cylin-
drical specimens
Figure 9.
Young modulus (E) & Poisson ratio vs the additives percent-
age for cylindrical specimens a) aspect ratio 0.4, b) aspect
ratio 0.48, c) aspect ratio 0.6
Figure 6.
Young Modulus (E) vs the additives percentage for all sizes
of cylindrical specimens
a
b
c
S T I F F N E S S MODU L E AND COMPR E S S I ON S T R ENG TH O F PO LYMER -T R E AT E D S AND
For more clarification, Fig. 9 shows the different
trends of (E) and Poisson ratio. Whenever (E)
increases, Poisson decreases, and this is repeated at
all aspect ratio values.
5.3. Compressive Strength Test
Increasing the strength for any type of material is
very important issue for all engineers. Therefore, the
compression strength test was applied on the both
treated specimens: w/epoxy and w/cement in order to
define the effect of epoxy comparing with the effect
of cement in changing the strength of sand. The com-
pression test was according to the ASTM C 39 [13] by
hydraulic press.
Upon analyzing the results, the maximum load values
of ETS specimens versus the additives percentages
are presented in Fig. 10. Apparently, the more addi-
tives percentages the higher strength. Moreover,
fig.11 illustrates the relation between the maximum
load values and the aspect ratios (D/L) which is
somehow steady when D/L < 0.5, but it changes after
that i.e. the less aspect ratio the higher maximum
load. Fig. 12 shows the remarkable difference
between the effect of the cement and the effect of the
epoxy on the strength of the specimens. It is clear that
there is a sharp increase of compression strength
after 2% epoxy additives which exceeds the strength
of specimens with 50% cement additives, e.g. the
strength of specimens (at 5% epoxy) exceed 4 times
the strength of specimen at 50% cement additives.
6. CONCLUSION
The objective of this research was firstly, to validate
the free–free resonant frequency method and its
interpretation to determine the small-strain stiffness
moduli of polymer-treated soil. Secondly, to check
the effect of epoxy additives on the strength of sand
and comparing with the effect of cement on the same
type of sand. The reliability of the measured funda-
mental frequencies obtained from the FFR testing
were evaluated through calculating Young modules
and Poisson ratio. According to previous studies [14]
[15] [16] Young modulus (E) for sand is ranging
(10–30) MPa but, upon adding the epoxy to the sand,
its (E) modulus increased. For instance, E for the
smallest specimens (highest aspect ratio) increased
from 45 MPa up to 104 MPa at 1%, 5% respectively.
This is a positive indication about the effect of the
epoxy on the sand. E modulus increase when aspect
ratio decreases i.e. the length of specimen increases.
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Figure 10.
Strength (MPa) of cylindrical specimens versus the addi-
tives’ percentage
Figure 11.
Maximum load (N) vs the aspect ratio for treated specimens
with additives from 1% up to 5%
Figure 12.
Strength (MPa) of cylindrical specimens vs the aspect ratio
c
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For our specimens, we keep the same diameter for all
specimens but change the length so, the value of
stress is still the same whereas the strain value
changes. According to Hook law, the smallest speci-
mens (highest aspect ratio) show the lowest value of
Young modulus. Furthermore, Poisson ratio
decreased as much as additives percentages
increased, for example, it dropped from 0.3 to 0.15 at
1%, 5% respectively for aspect ratio 0.6, and this is
logic trend between Young (E) and Poisson. At com-
pression test on both types of treated soils: epoxy
treated specimens and cemented treated one, the
maximum load boomed! The maximum load, that
specimen could bear, increased from 490 N up to
13300 N at 1%, 5% respectively. The maximum load
of ETS at 3% epoxy additives (6670N) is a twice of
the strength of the CTS at 50% cement additives
(3264N). In addition, the smaller the sample, the
greater its strength was observed. Finally, the above
results have encouraged me to complete in research-
ing and looking for another type of polymer additives
and trying new scenario on cylindrical and prism
specimens. It is recommended to use another tests
method because we have used only FFR method in
this research.
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